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The effects of electrolyte pH on the electrochemical behavior of Fe-based bulk metallic glass with a com-
position of Fegs sC70Si35BsPosCra1Mo20Aly were investigated at an ambient temperature. The results indi-
cate that corrosion behavior is strongly dependent on the pH values. The corrosion current densities and
capacitance values decrease with an increase in pH values in acidic electrolytes, while the opposite ten-
dencies are obtained in alkaline electrolytes. While the corrosion product of the outer layer in low pH con-
ditions is an amorphous structure, crystalline ferric oxide is obtained in the electrolyte with pH=14. The
electrochemical behavior is discussed on the basis of the results of electrochemical and microstructural

analysis.
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1. INTRODUCTION

Fe-based bulk metallic glasses (Fe-BMGs) are promising
materials for various industrial applications since they have
various interesting properties [1-3]. Though their extensive
use as bulk structural materials are limited due to the
extremely poor tensile ductility of Fe-BMGs, the Fe-BMGs
with high glass forming ability (GFA) can be used in practice
as anti-wear or anti-corrosive coating materials for metallic
components [4,5]. The amorphous coating of Fe-Cr-Mo-C-
B-Y [6] was spontanesously passivated with a wide passive
region and low passive current density in acid electrolytes.
However, active dissolution and no passivation were observed
in the polarization curve as the absence of a protective pas-
sive film for a Fe-Co-B-Si-Nb bulk metallic glass alloy in a
NaCl electrolyte [7]. The Fe-Ni-B glassy alloy [8] was sus-
ceptible to pitting in a 3.5% NaCl solution, while it was
immune to pitting in a 7N NaOH solution. Due to various
environmental conditions, these Fe-based metallic glasses
exhibited different corrosion behavior. Therefore, it is inter-
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esting to investigate the effect of electrolyte pH on corrosion
behavior. In addition to excellent corrosion resistance, the
cost-effectiveness for the alloy design and material process-
ing are also important factors for practical applications of
Fe-BMGs as coating materials. As a part of developing Fe-
BMG:s as coating materials that can be produced cost-effec-
tively in large quantities, Fe-BMGs with a high GFA and
corrosion resistance have been developed using cast iron and
commercial raw materials [9, 10]. In this study, the effects of
electrolyte pH on the electrochemical behavior of the Fe-
BMG with composition of FeessC70Si35BsPosCra1M020AlL o
were systematically investigated in ambient conditions.

2. EXPERIMENTAL PROCEDURES

The glassy alloys were fabricated into cylindrical rods by
suction of the molten alloys into a water-cooling copper
mold in an argon atmosphere, and molten alloys were pre-
pared with industrial raw materials using an arc-melting pro-
cess in an argon atmosphere. The chemical compositions of
the raw materials were listed in the literature [11]. The struc-
ture of the specimens for the corrosion test was analyzed by
X-ray diffraction (XRD, Philip X Pert diffractometer) with
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Cu radiation (Cu-Ka, A=0.1541 nm). XRD results showed
that all of the specimens used in corrosion measurement
were amorphous. The electrolytes with pH=0 and pH=2
were prepared with H,SO, acid of 98 wt%. The electrolytes
with pH=12 and Ph=14 were prepared with NaOH. The
electrolytes with various pH levels (pH=4-10) were prepared
through the addition of NaOH in the 0.01 M H,SO; electro-
lyte.

Electrochemical measurements were conducted by a
potentiostat (EG&G Pinceton Applied Research PARSTAT
2273 with EG&G powersuit software) and a three-electrode
cell. The counter electrode was graphite and the reference
electrode was a saturated calomel electrode (SCE). The
potentiodynamic polarization curves were measured with a
scan rate of 50 mV/min and the potentiostatic polarization
curves were conducted by applying a potential of 0.45 V vs.
SCE for 30 min. The electrochemical impedance was mea-
sured from 50 mHz to 50 kHz with the AC mode after the
specimens were immersed for 20 min to obtain a stable open
circuit potential. The amplitude of the AC signal applied
between both electrodes was 10 mV. After immersion for 15
days, the surface morphologies were observed by scanning
electron microscope (SEM, HITACHI 4300). The chemical
characterization on the surface after potentiostatic polariza-
tion for 30 min was analyzed by X-ray photoelectron spec-
troscopy (XPS, Quantera SXM photoelectron spectroscopy).
The XPS data were collected using monochromatized Al-Ko
radiation at 1486.92 eV.

3. RESULTS AND DISCUSSION

The potentiodynamic polarization curves of a FegssCro
Si35sBsPo¢Cr21M020AL ¢ amorphous alloy in the electrolytes
with various pH values are plotted in Fig. 1, and the corro-
sion potentials (Ecor) and corrosion current densities (Icor) in
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Fig. 1. Potentiodynamic polarization in the electrolytes with various
pH values.

Table 1. Results of potentiodynamic polarization and impedance in
the electrolytes with various pH

pH  E... (-mV) L,, (uA/cm?) R, (Qcm®) Cy4 (F/iem®) ¢

0 305.1 51.2 1067 6.25x10* 9.1
2 349.0 30.1 4471 9.57x10° 9.4
4 371.9 21.5 12510 7.75%x10° 9.9
6 401.2 17.9 27920 3.66x10° 8.2
8 425.5 13.4 63780 3.26x10°  11.0
10 468.3 15.8 41730 457x107°  10.4
12 506.1 17.1 28360 6.57x10° 9.5
14 851.3 31.5 2314 433x10" 262
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Fig. 2. Potentiostatic polarization in the electrolytes with various pH
values.

the electrolytes with various pH values are summarized in
Table 1. The corrosion potentials (Ecor) decreased with an
increase in pH values, while the corrosion current density
(Icor) decreased, reached a minimum value in the neutral
electrolyte, and then increased. The tendency of corrosion
current densities may depend on the ion concentrations in the
electrolytes. Higher corrosion current densities were obtained
in the electrolytes with higher concentrations of H or OH
ions [12].

The observed current density vs. passivation time during
the potentiostatic polarization in the electrolytes of various
pH values is shown in Fig. 2. The applied potential of 0.45 V
vs. SCE was selected from the potentiodynamic polarization
curves. The current densities decreased continuously with
time and finally reach a steady state current density (Iss).
Such smooth shapes of the curves indicate that a stable layer
formed on the surface during the entire measurement period.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed in order to investigate the kinetic sta-
bility of the surface oxide layer in the electrolytes of various pH
values. The NyqlliSt plOtS of F 663A8C7AoSi3A5B5P9,6CI'2A1M02A0A12A0
glass are shown in Fig. 3. The experimental data in the figure
are presented as symbols and the solid lines were obtained
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Fig. 3. Nyquist plot of the electrolytes with various pH values.
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Fig. 4. Equivalent circuit for the fitting of impedance results.

by curve fitting using non-linear-least-square fit analysis.
The equivalent circuit is illustrated in Fig. 4. Rs and R are
the electrolyte and charge transfer resistance, respectively;
CPE is the constant phase element related to the double layer
capacitance of the electrode (Cqa). The impedance of the con-
stant phase element was described in [13,14]:

Zepe = [Cj@)' T (1)

where o is the angular frequency of the AC voltage, j = -1,
o is the frequency independent parameter related to the
depression angle ¢ which is equal to o x 90°, and C is a
constant related to the double layer capacitance of the elec-
trodes (Ca) by the following equation:

C=Cy-2(R,'+R.))" )

when o = 0, C corresponds to Caq; when oo = 1, C is a resis-
tance; when o = -1, C is an inductance.

The parameters obtained by the fitting procedure of EIS
experimental data of the investigated electrodes are also
listed in Table 1. The charge transfer resistance (R.) increased
initially with the pH, reached a maximum value in the neural
electrolytes, and then decreased with the pH of the electro-
lyte. The opposite behavior was observed for the pH depen-
dence of the capacitance (Cq) and corrosion current density
(Icor)- In electrolytes with higher hydrogen ions or hydroxyl

ions, the corrosion processes were faster; higher Icor and Cq
were obtained due to the rough surface on the electrodes
[15]. The increase of the charge transfer resistance (R.) indi-
cates an increase in the insulating character of the oxide
films [16]. The thickness of the passive films (L) on the
interface/electrolyte can be estimated from the capacitance
data using the well-known ‘parallel plate’ expression [17]:

_ &€
ss o
Cdl

where ¢ is the dielectric constant of the porous layer, & is
the vacuum permittivity, and A is the surface area of the
electrode. Therefore, it can be inferred from equation (3)
that the thickness of the passive film formed in weak acidic
and alkaline electrolytes is thicker than that formed in
strong acidic and alkaline electrolytes.

The microstructures of the specimens were analyzed by
scanning electron microscopy, as shown in Fig. 5 and Fig. 6.
A ‘dried riverbed’ cracked structure formed on the surface of
the specimen immersed in the electrolytes of pH=0 and
pH=2, as shown in Figs. 5(a) and (b). While many small
cracks were found on the surface with a value of pH=4, no
cracks were observed on the surface of the specimen
immersed in the electrolyte with a value of pH=6. In the high
pH electrolytes, smooth surfaces without cracks were obtained
for all specimens, and are shown in Fig. 6. The microstruc-
ture with an acicular shape was observed in a high magnifi-
cation image, which is shown in Fig. 6(d). These results
indicate the surface roughness also depends on the pH value
of the electrolytes, and might provide evidence for the ten-
dency of a double layer capacitance (Cq) in electrolytes with
various pH values.

Due to the similarity of surface morphologies in acidic
electrolytes and alkaline electrolytes, an energy dispersive

L A 3)

Fig. 5. Surface morphologies of the specimens immersed in acidic
electrolytes: (a) pH=0, (b) pH=2, (c) pH=4, and (d) pH=6.
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Fig. 6. Surface morphologies of the specimens immersed in alkaline
electrolytes: (a) pH=8, (b) pH=10, (c) pH=12, and (d) pH=14.
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Fig. 7. Results of EDS for the specimens with the conditions of as-
cast (a) , pH=0 (b), and pH=14 (c).

spectroscopy (EDS) analysis was performed on the selected
area, ‘A’ and ‘B’, of the specimen immersed in the electro-
lytes with pH=0 and pH=14, respectively. As shown in Fig. 7,
two specimens were compared with the as-cast specimen.
The corrosion product near the cracks was composed of iron,
phosphorus, sulfur, and oxygen, and the corrosion product
with acicular microstructure was oxygen-rich. In order to
identify the phases of the corrosion product, X-ray diffrac-
tion was carried out for specimens with various pH condi-
tions, and is shown in Fig. 8. Crystalline peaks were not
observed for the specimens immersed in the electrolytes of
various pH values from 0 to 12, while the crystalline peak of
a Fe,O; phase was detected for the specimen with an electro-
lyte of pH=14. A similar result was reported in which a
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Fig. 8. XRD patterns of the specimens with various pH conditions.

Fe,O; phase was observed on the surface of stainless steel
after the cyclic voltammetry in a NaOH electrolyte [18].

The passive films on the specimens after potentiostatic
polarization with various pH conditions were analyzed by
X-ray photoelectron spectroscopy (XPS). The main informa-
tion about the film composition was obtained from XPS
analysis as shown in Fig. 9 and Fig. 10. The photo-electron
signals and curve fitting of the specimens in the electrolyte
with pH=0 are shown in Fig. 9. Figure 9(a) reveals that Cr 2ps,
spectrum contains three components: chromium (I11) oxide
Cr,0s, chromium (IIT) hydroxide Cr(OH); and chromic salt
Cr2(SOs)s. Fe 2ps, signals were composed of four compo-
nents: iron (II) oxide FeO, iron (III) oxide Fe,Os, iron (III)
oxy-hydroxide FeOOH and ferrous salt FeSO,, which is
shown in Fig. 9(b). Figure 9(c) shows a Mo 3ds» spectrum
containing molybdenum (VI) oxide MoOs. Three contribu-
tions are detected in O 1s spectra as shown in Fig. 9(d): the
first part assigned to oxygen in metal oxides, the second part
to metal hydroxide groups, the third part to adsorbed water.
In the case of pH=14, no Cr’" salt or Fe’* salt were observed,
which is shown in Fig. 10. The binding energy Ep with £0.3 eV
fluctuation for the components of the passive film is listed in
Table 2. These results agree with the data published in the lit-
erature [19-23].

It is generally agreed that the components of passive film
affecting the protective quality are usually determined by the
composition of the alloy system and the ambient environ-
ment. The chromium was the effective element for passiva-
tion in Fe-based BMG [24] and the formation of chromium-
rich passive film was responsible for the high corrosion
resistance [25]. A passive film composed of a double layer,
an outer layer of iron-rich oxides and an inner layer of chro-
mium-rich oxides was reported in the literature [26]. When
some iron was substituted with Ta in a Fe-Cr-Ni-Ta alloy, the
passive film was significantly richer in tantalum and chro-
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Fig. 9. Results of XPS of the specimens immersed in the electrolyte with pH=0. (a) Cr 2ps», (b) Fe 2ps»,(c) Mo 3ds,, and (d) O 1s
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Fig. 10. Results of XPS of the specimens immersed in the electrolyte with pH=14. (a) Cr 2ps», (b) Fe 2ps», (c) Mo 3ds,, and (d) O 1s
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Table 2. XPS peak positions for the components of corrosion

products

Spectra Components pH=0 pH=14
Cr,0; 576.9 576.8
Cr(OH); 571.5 577.5

Cr2psn Cr(S0.); 578.9 ~
Fe - 706.8
FeO 709.6 707.4
Fedpss Fe,0; 710.5 709.9
FeOOH 711.6 7113

FeSO, 714.2 -
Mo - 2282
Mo3ds, MoO; 232.3 231.6
0" 530.7 530.7
Ols OH" 531.6 531.7
H,0 532.5 532.5

mium ions, and greatly deficient in iron ions [27]. The
authors of [28,29] reported that the passive film consisted of
iron-chromium-molybdenum oxyhydroxide with air expo-
sure, while the formation of molybdenum oxyhydroxide, not
chromium-rich oxyhydroxide, was responsible for the improve-
ment of corrosion resistance for a Fe-Cr-Mo-P-C alloy
immersed in deaerated 1 M HCL. In this study, the passive
film was composed of ferric, chromic and molybdenum
oxides in various pH electrolytes.

The amorphous structures for the corrosion products in the
electrolytes of various pH values (pH=0-6) may be inferred
from the XRD result since only a broad peak was detected.
The amorphous structure of corrosion products on stainless
steel was reported in a sulfuric electrolyte [30]. Since iron is
not stable and dissolves and metalloid elements such as B
and P [31-33] are hydrolyzed easily in an acid electrolyte,
the ions of Fe*", H,PO; and H,BO; forms in the acid electro-
lyte. As the reactions proceed, the occurrence of supersatu-
rated FeSO,4 and Fe(H,PO,), is possible in the vicinity of the
electrode surface as the migration of Fe* ions is not quick
enough. Therefore, some ferrous sulphate, phospholate salts
[33,34] are precipitated and adsorbed on the electrode surface.

In an alkaline electrolyte, it is well known that Fe,Os is sta-
ble. During passivation, the outward dissolution of Fe ion is
faster than that of other metal ions [26], so a greater amount
of Fe,Os is precipitated to the outermost surface, and this
was identified by SEM and XRD. However, crystalline peaks
were not detected on the specimen surfaces immersed in the
electrolytes with pH=8, pH=10 and pH=12, and this might
be due to the low fraction of the crystalline phases which
could not be detected by XRD.

4. CONCLUSIONS

The effects of electrolyte pH on the electrochemical
behavior of Fe-based bulk metallic glass with a composition

of Fees 3C70S13.5BsPosCra1Mo020AlL g were investigated in an
ambient temperature. The results indicate that corrosion
behavior is strongly dependent on the pH of electrolytes.

(1) Corrosion potential (Ecor) decreases with an increase in
the pH value, while the corrosion current density (Icorr)
decreases, reaches a minimum value in the neutral electro-
lyte, and then increases.

(2) While the charge transfer resistance (R increases up
to the neutral pH value and then decreases with the pH of the
electrolyte, the corrosion current density (Icor) and the
capacitance (Cq) exhibit similar behavior of pH dependence.

(3) The components on the metal/film interface were ana-
lyzed by XPS, and the oxides and hydroxides of iron and
chromium were found in both acidic and alkaline electro-
lytes. In the electrolyte with a low pH, the corrosion products
in the outer layer had an amorphous structure, but ferric
oxide was observed on the outer layer of the specimen
immersed in the electrolyte of pH=14.
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